In dairy production systems, tradeoffs can occur between fertilizer N applications and crop N use, feed N consumption and manure N excretion, and environmental impacts. This paper examines (i) how stocking rates affect N imports and management on dairy farms, N use efficiency (NUE; i.e., the amount of applied N incorporated into product N), and N loss; (ii) how reductions in fertilizer N and feed N may affect crop and milk production, NUE, and N loss; and (iii) why tradeoffs in N use outcomes should be considered when attempting to enhance overall NUE and reduce N loss. The Integrated Farm Simulation Model simulations of two representative dairy farm types and analyses of regional studies, long-term field experiments, and cow nutrition trials were used to demonstrate that (i) stocking rate affects cropping patterns, fertilizer and feed imports, and N loss; (ii) although fertilizer N reductions of 20 kg N ha -1 may reduce slightly the crude protein (CP) content of corn silage (which would require purchase of additional CP supplements), this practice should not affect longterm corn yield but would reduce nitrate (NO 3 ) and nitrous oxide (N 2 O) losses by 13 to 38%; (iii) dietary CP could be reduced on many dairy farms, which would not affect milk production but would reduce ammonia (NH 3 ) and N 2 O emissions by 15 to 43%; and (iv) greater recognition of the tradeoffs in N use and N loss are needed to provide a better understanding of the potentials to enhance overall NUE and reduce environmental N loss from dairy production systems.
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Measures of Nitrogen Use Efficiency and Nitrogen Loss from Dairy Production Systems
J. M. Powell* and C. A. Rotz N itrogen is the most limiting nutrient for productive agriculture. The principal N inputs on dairy farms are fertilizers, biologically fixed N, purchased feed, mineralized soil N, and atmospheric N deposition. The relative contribution of each N input to feed production, milk production, and environmental N loss depends on several factors, including a farm's stocking rate (i.e., animals per unit land area), which influences the type and amount of feed grown on a farm; fertilizer and feed purchases; manure management; N use efficiency (NUE); whole-farm N balances; and environmental N loss (Powell et al., 2010) . Soil type, tillage, and timing of N application also affect NUE and N losses in the forms of NH 3 , nitrate (NO 3 -), and N 2 O (Meisinger and Thompson, 1996; Rotz, 2004; Rotz et al., 2006; Hristov et al., 2011) .
On confinement dairy farms (i.e., farms where animals are fed in barns), cows are fed conserved forages, grain, protein, and mineral supplements, and manure is collected, stored, and applied to cropland to recycle nutrients back through feed production. When the diets fed to lactating cows are balanced in energy, crude protein (CP), and other minor ingredients, the dietary N (CP ÷ 6.25) consumed is transformed about equally into milk, feces, and urine. Whereas the concentration of N in dairy cow feces is fairly constant, the concentration of N in urine, especially in the form of urea, can vary greatly (Olmos Colmenero and Broderick, 2006a; Broderick et al., 2008; Broderick, 2009) . The proportion of urinary urea N (UUN) excreted increases as the concentration of CP in the diet increases, and this increases N losses as NH 3 and N 2 O from dairy farms (de Klein and Eckard, 2008; Hristov et al., 2011; Powell et al., 2014) .
The amount and form of N excreted in manure (ExN), land applied, recycled through crops, and lost to the environment are highly influenced by the conservation of UUN from the time of excretion through manure collection, storage, and land application. After excretion, fecal N is relatively stable, but UUN can transform rapidly to ammonium (NH 4 + ) and can subsequently be lost as NH 3 during manure collection, storage, and land application. Ammonium can also nitrify and denitrify, forming NO 3 -and N 2 O (the most potent greenhouse gas emitted from agricultural systems). On confinement dairy farms, NH 3 losses range from 20 to 55% of ExN (Hristov et al., 2011; . Losses of N as NO 3 -and N 2 O are more difficult to ascribe solely to manure because manure N is often combined with other N sources in soil, especially fertilizer N. Of the total manure N that is land applied, estimates of NO 3 -loss typically range from 1 to 25%, and estimates of N 2 O loss range from 1 to 4% (Rotz, 2004) . High leaching of NO 3 -through soils contaminates groundwater, and emissions of N 2 O potentially contribute to global warming. Maximizing NUE and managing N loss toward pathways that minimize environmental damage are critical goals for sustainable N management on dairy farms (de Klein and Eckard, 2008; Oenema et al., 2009; Powell et al., 2010) .
There is increasing evidence and concern that excessive N use in agriculture contributes to water and air quality impairment at local, regional, and global scales (Galloway et al., 2008; Sutton et al., 2013) . In the Corn Belt of the United States, for example, fertilizer N has been linked to groundwater contamination in wells, and, being within the Mississippi Basin, it contributes to hypoxia (i.e., a dead zone due to nutrient contamination) in the Gulf of Mexico. Nevertheless, recommendations on fertilizer N use continue to be made based almost solely on economic returns to the producer. In the midwestern United States, for example, fertilizer N recommendations for corn are made using the economically optimum fertilizer N application rate (EONR), which is selected from a range of fertilizer N:grain price ratios . Applying this approach to corn grown on a loamy, medium yield potential soil in Wisconsin, EONR varies from 118 to 162 kg N ha -1 for fertilizer N:grain price ratios ranging from 0.20 to 0.05, respectively (Wisconsin NPM, 2012) . Studies have shown, however, that as one moves from the low end of the EONR range to the high end, corn response to fertilizer N becomes very difficult to predict (Mitchell, 2004) , NUE (proportion of fertilizer N incorporated into whole-plant N) declines (Fageria and Baligar, 2005; Ladha et al., 2005) , and N loss as NO 3 -increases . Similar conclusions have been made related to the amount (and form) of dietary N fed to dairy cows. As dietary N intake increases toward animal nutritional requirements, milk response becomes more difficult to predict, dietary NUE (DNUE) (i.e., the proportion of consumed dietary N secreted as milk total N) declines, and ExN increases, which increases NH 3 and N 2 O emissions from dairy farms (Powell et al., 2013 .
The objectives of this paper are to (i) demonstrate how stocking rate affects the type and amount of N imported and managed on a dairy farm, NUE, and environmental N loss; (ii) illustrate how reduced use of fertilizer N and feed N may affect crop and milk yields, NUE, and N loss; and (iii) highlight some N use synergies and tradeoffs that should be considered when attempting to enhance N management and the environmental impacts of confinement dairy production systems.
Materials and Methods
The Integrated Farm System Model was used to illustrate management effects on N use and N loss for two representative dairy farm types (Table 1) in south-central Wisconsin. The IFSM is a research tool used to assess the environmental and economic sustainability of farming systems (Rotz et al., 2013) . Animal production, feed storage and use, manure handling, and crop production and harvest are simulated on a daily time-step over 25 yr of weather. Nutrient requirements for each animal group on the farm are determined using the Cornell Net Carbohydrate and Protein System (level 1) as documented by Fox et al. (2004) . Diets are formulated to minimize dietary CP intake while meeting degradable and undegradable protein requirements with the available feeds. The quantity and nutrient contents of the manure produced are a function of the feeds consumed and herd characteristics. Nutrient flows are tracked through the farm to predict losses to the environment and potential accumulation in the soil. Nitrogen volatilization occurs from manure in the barn, during storage, and after field application. Nitrogen leaching and denitrification losses from soil are related to the rate of moisture movement and drainage as influenced by soil texture, rainfall, and the amount and timing of fertilizer and manure applications. After the prediction of N losses, wholefarm NUE is determined as the sum of N exports in milk, excess feed, animals, and manure leaving the farm divided by the N imports in feed, fertilizer, deposition, and legume fixation. The reactive N footprint is calculated as the cradle-to-farm gate g N loss per kg of fat and protein-corrected milk produced, including losses occurring during the production of purchased feeds and other major resource inputs to the farm.
The major components of IFSM have undergone extensive evaluation to assure accurate representation of farm processes. Each of the components of the simulated N cycle have been evaluated and reported in previous studies conducted in the United States and Europe. These include feed intake; N intake and N excretion by the animal (Rotz et al., 1999; Rotz et al., 2005a) ; NH 3 , N 2 O, and NO 3 -losses from manure and cropland Chianese et al., 2009) ; and N uptake and utilization by crops (Rotz et al., 2005b; Corson et al., 2007) . Simulated whole-farm N losses and N balance were also found to be very similar to those measured over an 8-yr period for an experimental farm in The Netherlands (Rotz et al., 2006) . These evaluation studies support that this process-level simulation of N transformations, and losses can represent actual farm losses. Further model evaluation was beyond the scope of the present application where the model is used to illustrate differences in simulated NUE and N losses between two common dairy production systems in Wisconsin.
A previous study (Powell et al., 2002) determined that approximately one half of all Wisconsin dairy farms produce sufficient forage and grain for their herds, 68% produce 90% of herd requirements, and 80% produce 80% of requirements. Based on this feed sufficiency distribution and on the ongoing trend in the United States of increasing stocking rates and greater reliance on imported feed (Powell et al., 2010; von Keyserlingk et al., 2013) , two farms were simulated by IFSM: (i) a "forage plus grain farm" (FG-farm) that produces all forage and grain feeds required and imports only protein supplements and (ii) a "forage farm" (F-farm) that produces only forage and imports both grain and protein supplements. Alfalfa and corn are produced on the farms with 25-yr average annual yields of 10.4, 13.7, and 6.4 t dry matter ha -1 for alfalfa silage, corn silage, and corn grain, respectively. The FG-farm cultivates 260 ha (190 ha of corn for silage and grain and 70 ha of alfalfa for silage), and the F-farm cultivates 160 ha (90 ha of corn silage and 70 ha of alfalfa silage). All silage is stored in covered bunker silos. Alfalfa stands are maintained for 4 yr and then rotated to corn for 5 to 10 yr. Whereas the FG-farm imports fertilizer N to grow corn, the F-farm uses no fertilizer N because crop N requirements are met through the rotational benefit of alfalfa's biologically fixed N (spread over less corn land) and by manure (i.e., a larger amount available per unit of land). Animals are housed in freestall barns and fed total mixed rations, with cows fed in early, mid, late, and dry lactation groups. Forage consisting of about one third alfalfa silage and two thirds corn silage is supplemented with corn grain, soybean meal, and a less degradable protein mix. The dietary CP fed to lactating cows varies from approximately 16% for early lactation to 13% in late lactation (NRC, 2001) . Manure is removed daily and stored as slurry for up to 6 mo in a bottom-loaded tank. Manure is broadcast on cropland in the spring and fall, with 80% applied to corn land and 20% applied to alfalfa. A conservation tillage system is used to incorporate manure within 2 d of application. The farms were simulated for 25 yr of historical weather for Madison, Wisconsin.
The amount and form of N imported, managed, and exported from each dairy farm type; DNUE; whole-farm NUE; and N losses were determined using IFSM. The impact of fertilizer N on NUE, N transformation, and N loss was analyzed for the FG-farm using two fertilizer N application rates for corn: (i) the EONR and (ii) the EONR minus 20 kg N ha -1 . The ENOR (40 kg N ha -1 for a clay loam soil and 80 kg N ha -1 for loam and sandy loam soils) was determined as the fertilizer N application rate that maximized the profitability of the dairy farm, which was not necessarily the economically optimum corn yield. By definition, therefore, the reduced application rate decreased profit even though N was being recycled and used more efficiently. For this scenario, reduced farm profit was primarily driven by the reduced CP content of corn silage and therefore the need to purchase protein supplements.
Further analyses were made of dietary CP impacts on milk production, DNUE, ExN, and N excreted as UUN using data from five nutrition trials (Broderick, 2003; Broderick, 2006a, 2006b; Broderick et al., 2008; Broderick et al., 2009 ) with lactating cows in Wisconsin (18 dietary treatments comprised mostly of alfalfa silage, corn silage, corn grain, protein supplements, and other minor ingredients fed as total mixed rations to 203 mid-lactation cows). The data were first analyzed using a mixed model (SAS Institute, 2010) whereby the nutrition trials were designated as random variables to account for the variance associated with these five trials (St-Pierre, 2001 ). The mixed model revealed no significant interactions between the random variable nutrition trial and the fixed variables dietary CP, milk production, DNUE, ExN, UUN, and milk urea N (MUN). Data from the nutrition trials were pooled for the more in-depth analyses of relationships between dietary CP, milk 89 † FG-farm, nearly all feed is produced on the farm; F-farm, only the forage is produced on the farm. There was a total of 250 cows plus 190 replacement heifers with an annual milk production of about 10,000 kg per cow. The FG-farm uses 70 ha of alfalfa and 190 ha of corn to produce all of the forage and grain needed to maintain the herd. The F-farm uses 70 ha of alfalfa and 90 ha of corn silage to meet the forage requirement and purchases all grain. Purchased supplements are used to meet the protein and mineral requirements of each herd. ‡ A total of 60 kg N ha -1 of corn used on the FG-farm and none used on F-farm. § Nitrogen secreted in milk and stored in body tissue over feed N intake. ¶ Total N exported from farm over that imported through fertilizer, purchased feed, fixation, and deposition.
# Total reactive N released to the environment, including secondary sources, per unit of milk produced corrected to 4% fat and 3.3% protein.
production, ExN, and UUN ( Fig. 1) and between MUN and DNUE (Fig. 2) for diets typically fed to Wisconsin dairy cattle. To illustrate some of the complexities in studies of N use and N loss, various examples of tradeoffs in feed and manure management, such as the impact of feeding corn silage versus alfalfa silage, were gleaned from agronomic and dairy cow nutrition experiments conducted in Wisconsin. This information was used to highlight how ongoing dairy industry changes in feed production and cow nutrition affect DNUE and N loss from confinement dairy farms.
Results and Discussion

Stocking Rate Affects Fertilizer and Feed Imports, N Use, and N Loss
There were large differences in the type and amount of N imported and managed within the boundaries of the two simulated dairy farm types. The FG-farm, with a stocking rate of approximately 1.9 AU ha -1 , grew sufficient forage and grain, and only protein supplements were purchased. On this farm, imported protein accounted for approximately 23% of all feed N intake. The F-farm, with a stocking rate of 3.1 AU ha -1 , purchased both grain and protein supplements. On this farm, imported grain and protein accounted for 38% of total feed N intake. The FG-farm managed approximately 315 kg N ha -1 of corn, of which 19% came from fertilizer, 55% from ExN (80% of total ExN allocated to corn fields and 20% to alfalfa), and 26% from biologically fixed N. The F-farm managed 539 kg N ha -1 of corn, of which 67% came from ExN (likewise, 80% of total ExN allocated to corn fields and 20% to alfalfa) and 33% from biologically fixed N.
Manure management is more challenging on the F-farm, where ExN per hectare of corn is 363 kg compared with 172 kg on the FG-farm. A much larger proportion of ExN on the F-farm is associated with imported feed N, given that approximately 27% of the feed N is secreted as milk N on both dairy farms (DNUE of 27%) ( Table 1 ). The ExN associated with imported feed on the F-farm is approximately 184 kg N ha -1 of corn compared with 40 kg N ha -1 of corn on the FG-farm. The F-farm is also challenged to recycle the phosphorus (P) contained in manure with a simulated annual excess over crop uptake of 6.6 kg P ha -1 . Wisconsin dairy farms having stocking rates greater than approximately 2.0 AU ha -1 do not have sufficient land to recycle manure P (Powell et al., 2002; Saam et al., 2005) . On these farms, diet P reductions, manure export, the addition of cropland for manure spreading, and reduction in livestock numbers may be the only feasible strategies for achieving whole-farm P balance to arrest P accumulation and loss from soils.
The FG-farm and the F-farm have the same herd size (500 AU) and levels of annual milk production (10,000 kg cow ). Similar NH 3 loss is expected given that both farms have the same herd size, dietary CP level, barns and manure collection systems, and other farm features that may affect NH 3 loss. Because less land is available for manure spreading, however, annual NH 3 loss per unit of land is much greater from the F-farm (88 kg N ha ). Relative leaching and denitrification N losses were 18 and 12% of total N loss on the FG-farm and 11 and 12% of total N loss on the F-farm (clay loam soil). Some of the leaching and denitrification N loss from the FG-farm may be associated with imported fertilizer N, which is more readily nitrified in soils and is therefore more prone to these N loss pathways than manure N applied to soil. Most (50-75%) of the UUN in manure may be lost as NH 3 during manure collection, storage, and land application (Hristov et al., 2011; . The more stable organic N forms in manure (e.g., cow feces, bedding) applied to soil mineralize more slowly than fertilizer N and therefore may be less prone to NO 3 -and N 2 O losses. The soil type managed on a dairy farm has an impact on N loss via leaching and denitrification (Table 1) . Leaching N losses were highest on the sandy loam soil (30 kg N ha -1 , average of both farms) followed by the loam (13.5 kg N ha Direct N losses from the farms do not provide the complete comparison. Because the F-farm imports large quantities of grain, losses during the production of that grain must be included in the full production system. Full-system losses can be compared using the reactive N footprints (i.e., the full system loss expressed per unit of milk produced) ( Table 1) . Full-system losses were similar, with just slightly less loss from the F-farm system.
Impact of Fertilizer N Reduction on Profits and N Loss
On the FG-farm, a reduction of fertilizer N application of 20 kg N ha -1 below the whole-farm EONR would reduce leaching and denitrification losses from the clay loam soil by 38%; reduce leaching and denitrification by 14 and 25%, respectively, on the loam and sandy loam soils; and reduce the reactive N footprint (g N lost per kg milk) by approximately 10% (Table 2) . Over the long term, such a level of fertilizer N reduction should not jeopardize corn yields. A meta-analysis of data from 5941 corn field plots in seven states over 34 yr (Mitchell, 2004) revealed few relative corn grain yield differences across fertilizer N application increments that comprise the range of recommended EONR. The main conclusions drawn from this meta-analysis were that, at optimum or near biologically optimum application rates, assessing the impact of fertilizer N on corn yield is difficult because the relatively small effects of fertilizer N on corn grain yields (if they exist) are overwhelmed by uncontrollable factors (e.g., rainfall).
The results of the present analyses using IFSM simulations and the aforementioned conclusions of the meta analyses (Mitchell, 2004) support the major conclusion from a comprehensive summary on N use in agricultural systems of the United States (Ribaudo et al., 2011) : reduction in fertilizer N use is the easiest and most effective management practice for reducing environmental N losses. Perhaps the major challenge to achieving reductions in fertilizer N use is how best to reconcile the lower probability of obtaining periodic economic gains (i.e., increased corn yields due to an additional increment of fertilizer N applied during a growing season of high production potential) with the higher probability of environmental N loss (i.e., corn nonresponsiveness to an additional increment of fertilizer N applied during a growing season of low production potential).
Enhanced Feed Management Reduces Manure N Excretion and N Loss
The analysis of data from the five dairy nutrition trials conducted in Wisconsin ( Fig. 1) mirrors results obtained elsewhere (e.g., Kohn, 2007; Spek et al., 2013 , respectively (less consumed dietary N is excreted as manure N).
After excretion, UUN undergoes various transformations and is emitted as NH 3 from barns, manure storage areas, and fields after land application of manure (Hristov et al., 2011) . Some emitted NH 3 combines with other constituents in the atmosphere to form ammonium (NH 4 + )-and NO 3 --containing compounds, some of which re-enters the terrestrial N cycle to become indirect sources of N 2 O emission from soil (IPCC, 2006) . Managing more closely dietary CP and energy in dairy cow diets is deemed a principal strategy to reduce NH 3 and N 2 O loss from dairy farms (de Klein and Eckard. 2008; Hristov et al., 2011; Powell et al., 2014) .
Although a reduction in fertilizer N use of 20 kg ha -1 would decrease fertilizer costs, the IFSM simulations indicate that this strategy may decrease overall profits per cow by $10 to $16 per annum (Table 2 ). This effect is due to a need to purchase more protein supplements to compensate for lower CP concentrations in corn silage associated with reduced fertilizer N use. However, a recent survey revealed that approximately one half of the lactating dairy cows in Wisconsin are already being fed dietary CP in excess of the optimum 16.0% that was used to simulate the economic and environmental outcomes of the two dairy farms in the present study (Table 1) . On the many farms where dietary CP is overfed, reductions in fertilizer N use and accompanying CP reductions in corn silage may actually provide desirable win-win outcomes: reduced fertilizer costs and reduced dietary CP, of which the latter would reduce UUN and therefore losses of NH 3 and N 2 O from the dairy farms.
One way to compensate dairy producers for increased feed costs associated with reduced fertilizer N use, or to create incentives for other dairy producers to further reduce dietary CP, may be in the refinement and adoption of the MUN assay as a multipurpose N management tool . With more accurate and repeatable measurements, the dairy industry may be willing to adopt an incentive structure whereby premiums are offered to dairy producers for milk shipped within a desired range of MUN values. Milk urea N levels between 10 and 12 mg urea-N per 100 mL milk (mg dL -1
) usually indicate that wellbalanced energy-CP diets are being fed (Kohn, 2007) . Milk urea N levels higher than 14 mg dL -1 indicate that the cow is likely wasting dietary CP. Some studies suggest that MUN may be used to not only accurately predict DNUE (R 2 = 0.83; Fig. 2 ) but also to predict UUN excretion and associated NH 3 emissions from dairy farms (van Duinkerken et al., 2011; Powell et al., 2011a) . A recent study estimated that NH 3 and N 2 O emissions from dairy farms in Wisconsin could be reduced by 15 to 43% if MUN levels (and associated UUN excretions) were reduced from the current range of 13 to 20 mg dL -1 to 10 to 12 mg dL -1 through improvements in feeding practices.
Synergies and Tradeoffs in N Use
In dairy production systems, tradeoffs can occur between feed N use, manure N excretion, crop N use, and environmental impacts. The control and conservation of one N form (e.g., NH 3 , NO 3 -, or N 2 O) may result in greater loss of other N forms (Meisinger and Thompson, 1996; Oenema et al., 2009 ). There is a need therefore to recognize that N loss management is a major component of agricultural N use. The pros, cons, and feasibility of making N losses explicit in the cost of production More fertilizer N was required on the loam and sandy loam soils to offset greater feed production and greater leaching and denitrification losses on these soils. § Nitrogen secreted in milk and stored in body tissue over feed N intake. ¶ Total N exported from farm over that imported through fertilizer, purchased feed, fixation, and deposition.
need to be explored. A holistic, whole-farm systems approach to N management is required to maximize N incorporation into product (toward potential NUE), minimize N loss, and control N loss toward pathways that have the least detrimental impact on the environment.
Interactions between Dietary Crude Protein, N Loss, and Fertilizer Value of Manure
Although reductions in dietary CP may reduce UUN excretion (Fig. 1) and N losses from dairy farms (Powell et al., 2008; Aguerre et al., 2010; Powell et al., 2014) , this strategy may also decrease the fertilizer N value of manure (Paul et al., 1998; Powell et al., 2011b) , crop yield, and manure N use efficiency (land-applied manure incorporated into crop N). For example, although manure from lactating cows fed a higher CP (16.8%) diet emitted 2.1 times more NH 3 from soil than slurry from cows fed a lower CP (15.5%) diet, after NH 3 subsided, inorganic N levels were 30% greater in soils amended with the higher CP slurry than in soil amended with the lower CP slurry (Powell et al., 2011b) . Also, the application of feces from cows fed a diet containing 18.4% CP provided higher levels of plant N uptake and plant yield than feces from cows fed a diet containing 15.1% CP (Powell et al., 2006) .
Shift from Alfalfa Silage to Corn Silage in Dairy Cow Diets
As herd sizes increase, many dairy farmers seek to maximize forage yields per unit cropland area. Over the past 20 yr or so, corn silage production in the top five dairy states (California, Wisconsin, Idaho, New York, and Pennsylvania) has increased, whereas alfalfa acreage and hay production has declined (USDA-NASS, 2014). This change seems to have been driven by several more favorable economic characteristics of corn silage versus alfalfa: higher dry mass yield per unit land area, higher energy content, more uniform quality, and one rather than multiple required harvests. Also, alfalfa protein is degraded in the silo and rumen to a greater extent than corn silage. This impairs protein utilization and milk production unless more costly rumen undegraded protein supplements are fed. Such supplementation increases the cost of milk production.
The shift to corn silage in cropping systems and dairy cow diets may have profound impacts on the N cycle. Not only would there be a shift from use of biologically fixed N to fertilizer N, but the change in forage could affect manure N availability to crops. For example, after application to soil, feces from cows fed a greater proportion of corn silage than alfalfa silage significantly reduced concentrations of inorganic N in soil compared with soils amended with feces from diets that contained lower amounts of corn silage, and this effect decreased plant yield and plant N uptake (Powell et al., 2006 ). It appears, therefore, that a balance between alfalfa and corn in the cropping systems of dairy farms is needed to not only optimize DNUE and milk production (Brito and Broderick, 2003) but also to capture the beneficial effects of the legume-cereal crop rotations, including enhanced manure N availability to crops.
Manure N Capture and Loss Pathways
Much less manure is collected on Wisconsin dairy farms that use stanchion barns than on farms that use free-stall barns . On stanchion dairy farms, lactating cows, dry cows, and heifers spend on average 10, 30, and 80% of their annual time, respectively, in outside areas where manure goes uncollected. The average annual manure N loading rate in outside cattle holding areas is approximately 1200 kg N ha -1 (range, 640-3600 kg N ha -1 ), which is many-fold greater than agronomic N requirements. These depositions are not only a wasted N resource; they also increase environmental N loss. Some deposited N can be recycled and N losses reduced by rotating outside cattle corrals with crops or pasture (Powell and Russelle, 2009 ). For example, overall NH 3 loss from dairy manure can be reduced by 20 to 30% if UUN is deposited directly onto soil compared with manure deposition in barns, which incurs high NH 3 loss during manure collection and storage. Overall results demonstrated that corralling dairy cattle directly in fields between cropping periods reduces NH 3 loss and improves urine N capture and recycling through crops, especially in low-N input dairy production systems (Powell, 2014) .
Incorporation of manure soon after its application to soil is the principal recommended practice for reducing NH 3 emission ( Jokela and Meisinger, 2008) and conserving the fertilizer N value of manure. However, there may be distinct tradeoffs in the pathways of manure N loss. Although surface-applied dairy manure has higher NH 3 loses than incorporated manure, incorporated manure has greater NO 3 -leaching losses than the surface-applied manure (Powell et al., 2011c) . This suggests that conserving N from one loss pathway (NH 3 emission) leaves more N available for loss by another pathway (NO 3 -leaching). Study results demonstrate that slurry application method can differentially affect the pathways of slurry N loss, which could have different impacts on air and groundwater quality (Oenema et al., 2009) .
Conclusions
Process-level, whole-farm simulations provide useful tools for evaluating the economic and environmental tradeoffs of strategies to improve N use and reduce N loss from dairy production systems. Dairy farms that import all grain and protein supplements have more than double the amount of manure N to manage per hectare (363 vs. 172 kg N ha -1 of corn) and therefore incur much higher loses of NH 3 ha -1 compared with farms that import only protein supplements. Fertilizer N recommendations based on economic optimum N rate could be reduced by 20 kg N ha -1 . This strategy should not jeopardize long-term corn yield but could lead to reductions in NO 3
-(especially through sandy loam soils) and N 2 O losses (especially from clay loam and loam soils). On many dairy farms, reductions in dietary CP (as part of a CP:energy balanced diets) could increase feed N use efficiency (more N secreted as milk N, rather than N excreted in manure), which would reduce emissions of NH 3 and N 2 O. Nitrogen transformation on dairy farms are interrelated and complex. Tradeoffs in N conservation and N loss need to be considered to optimize N use and to manage N losses through pathways that have the least detrimental impacts on the environment.
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